ABSTRACT
INTRODUCTION
Foams based on low-density polyethylene (LDPE) are now established as the third most important category after polyurethane and polystyrene (1) . Noncrosslinked LDPE foams are in widespread use in the packaging industry and production is based on direct extrusion using volatile organic blowing agents that have been the subject of international legislation to curb their contribution to ozone depletion and greenhouse warming (2) . To comply with this legislation, alternative blowing agents and/or processing costs have generally increased. Consequently the cost advantage over crosslinked foams has tended to decrease.
Crosslinked LDPE foam generally uses chemical blowing agents (or nitrogen), which do not cause such environmental concern. Also, molecular crosslinking is an important structural modifi cation which can considerably improve physical, chemical, mechanical and thermal properties (3) compared with noncrosslinked LDPE foam. The manufacture of crosslinked LDPE foam relies on a signifi cant build-up in crosslinking before expansion to give the matrix suffi cient strength above it's nominal melting-point to (i) retain the blowing gas, and (ii) stabilise the cellular structure against collapse (1) .
Traditionally, dicumyl peroxide (DCP) has been the most favoured free radical generator or crosslinking agent in commercial processes (1) . The reason for this is the satisfactory balance of dissociation characteristics which allows minimal dissociation and crosslinking during carefully controlled blending and shaping of the LDPE/DCP formulation (typically at 120 o C). Adequate reaction rate consistent with batch or continuous processing is typically achieved from 165 o C for compression moulding to 230 o C for continuous processing at atmospheric pressure. This temperature range is also ideal for the blowing agent azodicarbonamide (ADC) which can be tailored to decompose from 165 -220 o C (4) (5) (6) .
Crosslinking is critical to expansion characteristics as a optimum level, similar to crosslinking levels in rubber vulcanisation, is required to provide suffi cient melt strength to retain the gas and stabilise the resultant foam (1) . Above this optimum level, more highly crosslinked matrix produces an increase in melt strength which limits expansion by resulting in a higher internal cell gas pressure at equilibrium expansion (1, 5) . The degree of crosslinking measured by gel content, when plotted against resultant foam density, has been shown to provide a curve from which the fi nal foam density can be predicted (4) (5) (6) .
It has been shown that some polyfunctional monomers have the propensity to promote crosslinking (7) (8) (9) . Yasin et al. (7) found that the presence of polyfunctional monomers in acrylonitril-butadiene rubber crosslinked by electron beam produce higher gel fraction and tensile strength compared to without polyfunctional monomer. Similar behaviour was also observed by and Yoshii et al. (9) , whereby increasing polyfunctional monomer concentration in the polycaprolactone crosslinked by radiation showed the degree of crosslinking increased and gives better mechanical properties. However, not all polyfunctional monomers could enhance the crosslinking in the polymer system. Jayasuriya et al. (10) however, showed that polyfunctional monomer trimethylol propeane trimethacrylate (TMPTMA) and phenoxy ethyl acrylate (PEA) is not capable to promote crosslinking compare to the normal crosslinking accelerator when used in natural rubber latex crosslinked by radiation.
The effi ciency of the polyfunctional monomer might differ depending on the nature of the based polymer, functionality of the polyfunctional monomer and also types of functional group in the polyfunctional monomer. Further more, the effect of polyfunctional monomers in the foam formation has not yet been correlated or investigated. Therefore this paper investigates the effect of incorporating 3 selected polyfunctional monomers of differing structure and functionality into the DCP-based crosslinking low-density polyethylene system. The effect of formulations on gel content and melt strength of the matrix polymer is compared and correlated with foaming behaviour and foam properties.
EXPERIMENTAL

Raw Materials
Base Polymer
All formulations were based on Stamylan 1808 supplied by DSM. This is a highly branched low-density polyethylene (LDPE) with a density of 918 kg m . It is commonly used in the manufacture of compression moulded crosslinked LDPE foams because tertiary hydrogen atoms exist at each branch which favours secondary chain radical formation (11) .
Crosslinking Agent
Dicumyl peroxide (DCP) was selected as crosslinking agent. It has a half-life of 10 hours at 115 o C and 1 minute at 171 o C (1) . Thus it can be compounded into the polymer with little or no dissociation at temperatures below 120 o C and cured at a reasonable reaction rate at 165 o C. The low melting point of DCP can result in problems during mixing. Therefore it was added in a modifi ed form. Perkadox BC-40K-pd, manufactured by Akzo Nobel Chemicals, consisted of 40% DCP on 60% inert clay carrier thus requiring weight adjustments to obtain 100% DCP equivalence. Formulations were investigated using a range of DCP concentrations up to 1.0 phr (parts per hundred resin).
Polyfunctional Monomers
Three polyfunctional monomers were selected as follows: diallyl phthalate (DALP) and trimethylolpropane trimethacrylate (TMPTMA) supplied by Laporte Performance Chemicals and triallyl cyanurate (TAC) supplied by Degussa. The chemical structures of these coagents are shown in Figure 1 .
The reason for selection of these particular coagents was that results could be compared on the basis of functionality (2 for DALP against 3 for TAC and TMPTMA) and the types of radicals formed. The allyl functional groups in DALP and TAC can form allylic radicals by hydrogen abstraction or alkyl radicals by primary radical addition to the unsaturated C=C group whereas TMPTMA can only form alkyl radicals by addition.
Polyfunctional monomer concentrations in the range 0.025 to 5.0 phr were used.
Blowing Agent
The chemical blowing agent used was DP45/1, manufactured by Bayer AG, which is specifi cally formulated for blowing crosslinked polyolefi n foams by compression moulding techniques. It is based on activated azodicarbonamide (ADC) with a decomposition temperature of 165 o C. All foam formulations used a fi xed concentration of 8.0 phr DP45/1. 
Sample Preparation
Compounding
Mixing was conducted on a thermostatically controlled, electrically heated two-roll mill with front and back rolls rotating at 20 and 24 rpm (round per minute) respectively. Roll temperatures were initially 115 o C (slightly higher than the melting point of LDPE) to melt and continuously band the LDPE charge. Roll temperatures were then reduced to 105 o C (just below the melting temperature) to form a rubbery opaque LDPE band, which facilitated handling during compounding. Polyfunctional monomer was added (where applicable) cutting and folding for 5 minutes, followed by progressive addition of the blowing agent (where applicable) over a period of 10 minutes. DCP was added last to minimise premature dissociation and crosslinking over a period of 3 minutes with continuous cutting and folding.
Solid Crosslinked Matrix for Melt Tensile Measurements
45 g of compound were placed in a square plate mould pre-heated at 165 o C to produce sheet approximately 1.5 mm thick, both inner surfaces of the mould being covered with tefl on foil to obtain good release and surface fi nish. Samples were then compression moulded at 14 MPa for 20 minutes (unless otherwise stated). The mould was then water-cooled to 30 o C under pressure. The crosslinked polyethylene sheet was then removed from the mould and stored at 23 ± 2 o C and 50 ± 5% relative humidity for a period of 24 hours before testing.
Foam Production
Foaming was carried out by a two-stage heat and chill technique in a preheated 10 mm deep mould lined with Tefl on foil. After charging, the foamable compound was compression moulded at 14 MPa for 20 minutes at 165 o C after which it was water-cooled under pressure to 30 o C. After release of pressure, the partially expanded moulding was immediately transferred to a circulating hot air oven at 130 o C for 20 minutes to gradually complete the expansion.
Characterisation
Gel Content
Gel content was determined by refl uxing in a stainless-steel mesh cage in boiling xylene for 24 hours and expressing the weight of the vacuum-dried insoluble fraction as a percentage of sample weight before extraction (12) .
Melt Tensile Measurements
Melt tensile behaviour of the solid crosslinked matrix was performed at 130 o C (the fi nal expansion temperature in the heat and chill process) to assess expansion resistance. Dumbbell specimens, die cut from solid crosslinked matrix, were placed in the jaws of an Instron tensile testing machine fi tted with an environmental chamber set at 130 o C. Samples were conditioned for 10 minutes before commencing the test. The gauge length was set at 30 mm and the crosshead speed at 20 mm min -1
. Results allowed assessment of melt modulus (Young's modulus of the melt), ultimate strength and elongation at break of the matrix.
Foam Density
Foam density was determined from the weight and volume of regular parallelepiped samples (50 x 50 x 20 mm) free of skin, voids or other irregularities (13) .
Cell Imaging and Cell Size Determination
Cellular structures of foam specimens were assessed from Scanning Electron Microscope (SEM) images (6, 14) . The mean apparent cell size was obtained from SEM images by a modifi ed cell count method described elsewhere (14) .
Foam Compression Properties
Parallelepiped specimens (free of defects and skins) 50 mm x 50 mm with an average thickness of 20 mm were cut from bulk foamed samples. Compression measurements were performed on an Instron Universal Testing Machine fi tted with a compression cage at a crosshead speed of 20 mm min -1 and compressing the samples to 80% of their original thickness. Elastic compression modulus was calculated from the initial linear portion of the stress-strain curve and the compressive stress at 50% strain was recorded. Results were reported as the mean of ten measurements.
Swell Ratio
Swell ratios were determined in accordance with standard procedures (12) . In essence, the swell ratio is the ratio of the network or gel fraction volume in the swollen state to its volume in the unswollen state. Equilibrium swell ratio was determined after immersion in p-xylene at 120 o C for 24 hours and is quoted as the mean of 3 tests.
Crosslinking of Polyolefi n Foam. III. Increasing Low-Density Polyethylene Foam Production Effi ciency by Incorporation of Polyfunctional Monomers
Crosslink Density
The estimation of crosslink density was determined form equilibrium of swelling using equation and theory of elasticity by Treloar (16) which is the total number of links between chains in a given mass of material. It is usually express as the total number of crosslinks per unit mass or volume of polymer. Ideally it was assume that four chains terminated at each crosslink to give a tetrafunctional ideal network and measured in the absence of crystallinity.
The data obtained from swelling equilibrium could be used to estimate crosslink density using equation 1. The polymer solvent interaction parameter, χ, (the Flory-Huggins interaction parameter is given as 0.27 for LDPE and p-xylene (17) ) and the molar volume of p-xylene at 120 °C, V 1 , is quoted as 136 cm 3 mol -1 (18) . The volume fraction of polymer in the polymer-solvent mixture, φ 2 , was calculated from equation 2 (19, 20) .
where w 2 is the weight of the dry polymer sample; w 1 , the weight of solvent in the polymer-solvent mixture and ρ 1 and ρ 2 are the densities of dried sample and solvent respectively. Para-xylene density at 25 °C is 0.862 g cm -3 . The density of the dry sample was determined by using pycnometry, which is based on water displacement at ambient temperature. When a sample is submerged in water, an equivalent volume of water equal to the volume of the sample is displaced. The weight of this volume of water can be measured and can be used to determine the specifi c gravity (SG) of the sample, which is the weight of the sample over the weight of the water of identical volume. A sample piece small enough to enter the mouth of the pycnometer bottle was used. The SG was then given by equation 3.
where W a is the weight of the sample; W b , the weight of the pycnometer bottle fi lled with distilled water and W c is the weight of the pycnometer bottle, water and sample which was totally immersed (i.e. after water displacement). The SG value was then multiplied by the density of water at 25 °C (i.e. 0.998 g cm -3 or 998 kg m -3
) to obtain the absolute density (17) .
RESULTS AND DISCUSSION
Effect of Formulation on Matrix Gel Content
Initially, crosslinking with DCP alone was compared with varying the DCP concentration from 0 -1.0 phr in the presence of polyfunctional monomers arbitrarily fi xed at 0.5 phr. Figure 2 indicates that no crosslinking occurred without DCP as the primary radical generator. Within the limits of experimental error of ± 2%, all formulations containing TAC produced a considerably higher gel content at each particular DCP concentration compared to other systems. At 0.1 phr DCP and above, the results strongly emphasise that TAC more effectively utilises the radicals generated by DCP by increasing threedimensional network formation and crosslinking effi ciency compared with DCP alone or the alternative DALP and TMPTMA containing systems.
The presence of DALP or TMPTMA gave no signifi cant effect below a gel content of 50% which is the typical minimum level of crosslinking required to satisfactorily produce foam (6) . However above 50% gel content, DALP and TMPTMA allowed a slight reduction in DCP concentration to achieve a similar gel content compared to DCP alone. For example 0.75 phr of DCP alone gave a gel content of 69.2% whereas a similar gel content was obtained with 0.7 phr DCP in the presence of 0.5 phr DALP and TMPTMA (yielding gel contents of 69.2 and 68.4% respectively). These results tend to suggest that DALP and TMPTMA produce only a marginal increase in effi ciency of radical usage but the reduction in DCP content of only 0.05 phr has to be compensated by the addition of 0.5 phr of the polyfunctional monomer, which is not economically sensible. Of more potential interest is that a gel content of approximately 70% is obtained with 0.25 phr DCP/0.5 phr TAC. In the latter case, the primary radical generator (DCP) concentration has been reduced by approximately 67% compared with curing to the same gel content using DCP alone. This strongly suggests that TAC promotes a much greater effi ciency of crosslinking from the primary radicals that are generated.
Figure 2 therefore suggests that not all polyfunctional monomers act as effective crosslinking promoters. 0.5 phr DALP and TMPTMA showed small but similar increases in gel content at specifi c DCP concentrations compared to traditional curing. However at higher concentrations (2.0 phr shown in Figure 3 ) it was possible to distinguish between DALP and TMPTMA. The gel content of the formulation containing DALP at any specifi c DCP concentration is signifi cantly higher than samples cured with DCP alone whereas TMPTMA appeared to inhibit network formation. Again, TAC shows strong crosslink promotion. In order to assist in understanding these results, it is worthy of mention that mixtures of 1:8 and 1:20 parts of DCP and polyfunctional monomer (in the absence of polymer) cured to produce a solid of gel content in excess of 95% i.e. the polyfunctional monomers are themselves capable of self-polymerisation in the presence of free radicals (21) . However, other workers (22) (23) (24) have shown that unsaturated polyfunctional monomers have the ability to react with primary cumyloxy radicals to form an alternative radical species which can then combine with a polymer chain radical and be incorporated into the polymer chain. Remaining unreacted functional groups on polyfunctional monomers already incorporated into the main chain may then take part in further reaction to anchor more polymer chains. Figure 3 indicates that on the basis of these limited results, trifunctional TAC (which can form more stable allyl radicals (23) ) is dramatically more effi cient in network formation than difunctional DALP. This strongly suggests that the functionality of the polyfunctional monomer is a critical element in network formation. Conversely, even though TMPTMA is trifunctional, it appears to inhibit network formation compared with crosslinking with DCP alone. This tends to suggest that alkyl TMPTMA radicals may result in a higher incidence of self-polymerisation, either as an independent (TMPTMA) n species or locked into the polymer chain. This would result in an effective waste of free radicals. A further conclusion that may therefore be drawn is that the chemical structure of the functional group is critical to promotion of crosslinking activity i.e. allyl groups are signifi cantly more effi cient than methacrylate. Overall, the crosslinking effi ciency of polyfunctional monomers appears to be in the order of TAC > DALP > TMPTMA.
This was further supported using a higher polyfunctional monomer concentration of 5.0 phr varying DCP concentration (Figure 4) . The results again emphasise that the presence of TAC induces more effi cient crosslinking than DALP, which in turn is more effi cient than using DCP alone. It can also be concluded that at this concentration and judge by gel content, TMPTMA appears to suppress the crosslinking effi ciency promotion to below that of using DCP alone with similar reasoning in the foregoing discussion.
The relationship between gel content and formulation was further studied by selecting a fi xed DCP concentration of 0.25 phr and varying the polyfunctional monomer concentration up to 5.0 phr. Figure 5 indicates that TMPTMA appears to weakly promote crosslinking only up to a concentration of 0.25 phr after which, the gel content falls away to below that obtained by curing with DCP alone. A similar scenario has been noted in the crosslinking of polyvinylchloride (25) . DALP, however, showed a small increase in gel content up to approximately 1.5 phr, which levelled off at higher concentration. A possibility is that cumyloxy or polymeric chain radicals are more sterically hindered from reacting with TMPTMA (compared with DALP) due to methyl and carbonyl side groups adjacent to the active C=C double bond (21) . 
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The main point of Figure 5 is to again emphasise the strong crosslinking promotion action of TAC but only over a limited concentration range up to 0.75 phr. At higher concentrations, the gel content stabilises, representing ineffi cient use of the additional TAC which is attributed to oligomerisation or polymerisation of TAC either as an independent species or locked into the polymer chain (26) .
Effect of Formulation on Foam Density at Similar Gel Content
It is generally accepted that foam density may be reasonably predicted on the basis of gel content when using traditional crosslinking agents (4, 6, 14) .Various foamable formulations giving gel contents of approximately 61, 69 and 78% (equivalent to 0.5, 0.75 and 1.0 phr DCP respectively) were obtained by varying the DCP concentration at specifi c polyfunctional monomer concentrations of 0.5 and 2.0 phr and foamed. Properties are compared in Table 1 . Results indicate that foam density at a specifi c gel content is not uniform. This challenges the generally accepted view and it appears that gel content alone is not suffi cient to defi ne foaming behaviour when certain polyfunctional monomers are introduced into the system. It is noted that systems incorporating DALP or 0.5 phr TMPTMA require a marginally lower DCP concentration to produce similar gel content compared to DCP alone and resultant foams generally tended to be slightly lower in density. However, at 2.0 phr TMPTMA, the DCP concentration to obtain a specifi c gel content was higher than using DCP alone which tended to suggest that self-polymerisation of TMPTMA scavenged the radicals at the expense of network formation. Conversely, all formulations containing TAC allowed a signifi cantly reduced DCP concentration indicating that the presence of TAC strongly increased the probability of network formation even though the primary radical concentration had been reduced. This increase in crosslinking effi ciency was accompanied by substantially higher foam densities at any specifi c gel content compared to the other systems. This indicates a major change in the molecular structure produced by the DCP/TAC system.
To emphasise the point further, bulk foamed samples of LDPE at similar high gel contents [nominally 76%] were compared using crosslinking systems of increasing TAC content from 0 to 5.0 phr. These foams showed increasingly restricted expansion and a higher proportion of fl aws that manifested themselves as voids and severe surface cracking. They were not evident in expansion of foams of approximately similar gel content crosslinked by 1.0 phr DCP or 0.5/0.5 phr DCP/TAC as shown in Figure 6 but 0.25 phr DCP with 2.0 and 5.0 phr TAC severely adversely affected foam quality. This might suggest that if the degree of crosslinking were too great, the melt strength would increase such that expansion would be very severely restricted by the ability of the cell walls to retain higher equilibrium internal gas pressure and that reduced extensibility resulted in surface and edge cracking. This appeared to be the result of signifi cantly higher crosslink density and melt modulus coupled with lower elongation at break in samples containing the higher concentrations of TAC. The observed phenomena again strongly suggested that foaming behaviour could not be predicted on the basis of gel content alone.
Foam Density Dependence on Melt Modulus
The theory propounded by Mahapatro et al. (7) suggests that foam density is directly related to melt modulus at equilibrium expansion. Whilst the melt modulus in this work is calculated from the initial slope of the stress/strain curve, Mahapatro theory actually defi nes an alternative more complex modulus based on extension ratio. As it was found that the two alternative moduli gave identical trends, the more familiar Young's modulus of the melt is quoted here. The melt moduli of the matrix shown in Table 1 , at fi rst sight, seem to support the theory in that, generally, the higher the melt modulus, the greater the resistance to expansion and hence the higher the foam density. The higher melt moduli achieved when TAC is included in the crosslinking system was suspected to be the result of higher crosslink density.
To more accurately test the theory, various formulations giving nominal melt moduli of 0.04, 0.09, 0.21 and 0.26 MPa (equivalent to 0.25, 0.5, 0.75 and 1.0 phr DCP respectively) were foamed. The relationship between foam density and melt modulus at 0.5 phr polyfunctional monomer concentration is shown in Figure 7 . 
Within the limits of experimental error, there is no signifi cant difference in results for formulations based on DCP, DCP/DALP or DCP/TMPTMA which generally obey the Mahapatro theory. Results for TAC containing systems were similar for melt moduli below 0.1 MPa but appeared to diverge at higher levels. This was investigated further by increasing the coagent concentration to 2.0 phr and appropriately adjusting DCP concentrations. Figure 8 indicates that the TAC systems gave a signifi cantly higher foam density at any particular melt modulus compared to other systems. These results strongly suggested that the theory of Mahapatro et al. (5) appeared to be of limited applicability and is of questionable validity when using TAC containing crosslinking systems.
Swell Ratio Comparisons
Results from Table 1 showed a marked difference in melt moduli of matrix crosslinked with TAC systems compared with the others. Consequently swell ratio determinations were undertaken in an attempt to explain this phenomenon. An estimate of crosslink density can be obtained from equilibrium swelling measurements (27) . It is also accepted that the higher the swell ratio, the lower is the crosslink density and vice versa (12;28) .
As the effect of TAC has already been seen more clearly at a concentration of 2.0 phr, Figures 9 and 10 are presented to show the relationship between swell ratio and melt modulus at coagent concentrations of 0.5 and 2.0 phr respectively. Figure 9 shows that TAC produces a signifi cantly lower swell ratio at melt modulus greater than 0.1 MPa than system based on DCP alone, DCP/DALP or DCP/TMPTMA when the polyfunctional monomers are included at 0.5 phr concentration (directly comparable with foam density trends illustrated in Figure 7 ). The pattern is even more pronounced when using a polyfunctional monomer concentration of 2.0 phr (Figure 10) . It is therefore postulated that TAC has the ability to substantially increase the crosslink density within the network fraction. As neither gel content nor melt modulus appeared to have universal applicability as a parameter upon which to estimate foam density, the density was plotted as a function of swell ratio for a variety of formulations based on DCP alone and DCP with 0.5 and 2.0 phr of polyfunctional monomer (Figure 11) . Within the limits of experimental error, the foam density is shown to be a function of swell ratio (independent of formulation) and thus the controlling parameter in foam expansion would appear to be crosslink density. This conclusion was further supported by estimating the crosslink density form equilibrium of swelling data as shown in Figure 12 . The result indicated that formulation containing similar crosslink density (hence similar swell ratio) the foam density were identical within the limits of experimental error. This further emphasise that the fundamental physical parameter controlling foam density is crosslink density. 
Foam Properties
It is well known that foams produced from the same polymer matrix have properties than are heavily dependent on density (1, 6, 29) . Consequently property comparisons are only valid at similar foam densities. Also, whilst the polymer volume fraction is critical, foam properties will be infl uenced by matrix properties which, in turn, would be expected to be related to gel content and crosslink density. Table 2 presents the relationship between crosslinking system formulation and foam physical and ambient mechanical properties at nominal densities of 51.8, 56.7, 61.3 and 67.2 kg m -3 . At any particular density, the gel contents vary signifi cantly reaffi rming that gel content is not the controlling parameter for expansion. More surprisingly, it is noted that not only cell size (and shape which was typically pentagonal dodecahedral) but also ambient mechanical properties show no signifi cant differences at specifi c foam densities i.e. the foam properties are independent of crosslinking system formulation. Now, compression moduli and stresses at specifi c strain values would be expected to increase with increasing gel content and crosslink density. Indeed, this was the case with melt measurements where, generally, at 130 o C, an increase in gel content was accompanied by an increase in modulus and ultimate strength and a decrease in elongation at break.
Ambient tensile behaviour was investigated and supplemented by crystallinity determination by differential scanning calorimetry (4) in an attempt to explain the similarity of foam properties (also determined under ambient conditions). Typical results, over the gel content range associated with foam manufacture, are shown in Table 3 for solid LDPE samples crosslinked with 0.5 phr TAC and varying DCP concentrations. This surprisingly shows that modulus and ultimate strength are similar (though a very marginal decrease in modulus and slight increase in ultimate stress is observed) with increasing gel content. Elongation at break follows the expected trend of reducing with increasing gel content.
Table 3 also shows that crystallinity reduces with increasing network formation. It is thought that crosslinking reduces the relative mobility of polymer chains and increases imperfections at crosslink junctions which reduces the ability of polymer chains to align and thus inhibits crystallisation. In so doing, stiffness and strength imparted by the crystalline regions reduces with increasing gel content, whilst the mechanical properties of the network increase. The similarity in modulus and ultimate strength over the range of foamable gel contents therefore appears to be due to a complex balance of contributions from (i) the non-crosslinked portion, (ii) the crosslinked fraction, (iii) the crosslink density within the network and (iv) matrix crystallinity. In the melt, however, the tensile behaviour produces expected trends because all crystallinity has been destroyed and the material may be considered analogous to amorphous vulcanised rubber.
Therefore up to this stage, the TAC was found to be the most effective crosslinking promoter which allowed a reduction in primary radical generator concentration to achieve a similar gel content as using DCP alone. It appears that, in the presence of free radicals and LDPE, TAC allyl and/or alkyl radicals are formed (which reduce the secondary chain radical concentration accordingly) which have the theoretical ability to effectively anchor up to 9 polymer chains (3 per functional group) resulting in an increase in swell ratio and crosslink density. Table 2 has shown that similar foam density and ambient mechanical properties can be achieved using 0.75 phr DCP (69% gel) or 0.2/0.5 phr DCP/TAC (65% gel). The latter formulation shows a signifi cant reduction in peroxide concentration and gel content but the swell ratio is identical to using 0.75 phr DCP alone.
The above formulations were used to compare curing characteristics as shown in Figure 13 . It is evident that the reaction rate is signifi cantly improved when using TAC in the system. Full cure is completed in 15 minutes with DCP alone whereas the DCP/TAC system achieves full cure after only 5-10 minutes. As the identical blowing agent in the same mould at identical concentration and processing conditions has been shown to completely decompose in approximately 8 minutes (4) , this gives the opportunity to signifi cantly reduce the cycle time (by approximately 35-45%) in the fi rst stage of the heat and chill process. This gives the opportunity for considerable improvement in production effi ciency By inference, whether crosslinking solid or foamed materials, using atmospheric or elevated pressure processes, the alternative DCP/TAC system has the potential for signifi cant savings in processing costs compared with traditional crosslinking by DCP alone. The improved reaction rate has positive implications on cycle times, line speeds, mould and press utilisation.
CONCLUSIONS
Polyfunctional monomers containing allyl groups appeared to be more effective than methacrylates and the effi ciency in the order TAC > DALP > TMPTMA. The crosslinking can also be improved with increasing the functionality of the polyfunctional monomer. Signifi cantly reduced DCP concentrations could be used to obtain specifi c gel contents when TAC was included in the formulation. On balance, 0.5 phr TAC seemed to be an appropriate concentration. Introduction of unsaturated polyfunctional monomers into free radical crosslinking systems was only effective over a limited concentration range due to their propensity to self-polymerise above a limiting concentration. To manufacture crosslinked LDPE foam of similar density and mechanical properties, specifi c crosslinking systems containing TAC allowed gel content reduction (but gave similar swell ratio) and a signifi cant reduction in cycle time compared with crosslinking by DCP alone.
